The phase transition between hexagonal-close-packed (HCP) and face-centered-cubic (FCC) structures has been well-regarded as one of the most important solid-solid phase transitions, and has raised great research interests during the past decades . The HCP-FCC phase transition could be induced by mechanical deformation or temperature change [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , and has been extensively observed in a lot of metals and alloys such as Ti 19, 25 , and the appearance of the FCC structure can improve the ductility of the metals and alloys with the HCP structure 20, 25 . Since the discovery of Burgers in 1930s, it has been generally believed that during the HCP-FCC phase transition, the two structures should follow the orientation relation of {0001} {111} [6] [7] [8] 11 . Proposed by Hong et al. and confirmed later by Ren et al. 6, 7 , the first mechanism states that the FCC structure is converted from the HCP structure by a series of Shockley partial dislocations with a Burgers vector of 1/6 〈 〉 12 10 on {101 0} stacking 6, 11 . On the other hand, however, Wu et al. hold another view that the HCP → FCC phase transformation of the prismatic relation should be accomplished by nucleation via pure-shuffle and growth via shear-shuffle mechanism 8 . It should be pointed out that the detailed process of transformation is lacked in the first mechanism, and that the driving force to make atoms move a displacement along different orientations in small regions seems implausible in the second mechanism.
The phase transition between hexagonal-close-packed (HCP) and face-centered-cubic (FCC) structures has been well-regarded as one of the most important solid-solid phase transitions, and has raised great research interests during the past decades . The HCP-FCC phase transition could be induced by mechanical deformation or temperature change [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , and has been extensively observed in a lot of metals and alloys such as Ti [5] [6] [7] [8] , Hf 9 , Zr 10 , Co [11] [12] [13] , Si 4 , Ta 14 , Al 15 , Au 16 , LnH 17 , MgTi 18 , TiAl 19 , TiZr 20 , CoCrMo 21 , FeMn 22 , FeMnSi 23 etc. Especially, it is reported that the HCP-FCC phase transition could bring about the shape memory effect of several alloys 19, 25 , and the appearance of the FCC structure can improve the ductility of the metals and alloys with the HCP structure 20, 25 . Since the discovery of Burgers in 1930s, it has been generally believed that during the HCP-FCC phase transition, the two structures should follow the orientation relation of {0001} {111} hcp f cc is observed, for the first time, in pure Ti bulk under cryogenic plain-strain compression 6 , and such an orientation relationship can be named as prismatic relation. In addition, this prismatic relation between HCP and FCC structures is found in Ti single-crystal nanopillars under [0001] orientation tension by molecular dynamics simulation 7 , and is also discovered in polycrystalline Ti after rolling at room temperature 8 .
Regarding the prismatic relation of {101 0} {110} hcp f cc and [0001] [001]
hcp f cc , there are two mechanisms of HCP-FCC phase transformation so far in the literature [6] [7] [8] 11 . Proposed by Hong et al. and confirmed later by Ren et al. 6, 7 , the first mechanism states that the FCC structure is converted from the HCP structure by a series of Shockley partial dislocations with a Burgers vector of 1/6 〈 〉 12 10 on {101 0} stacking 6, 11 . On the other hand, however, Wu et al. hold another view that the HCP → FCC phase transformation of the prismatic relation should be accomplished by nucleation via pure-shuffle and growth via shear-shuffle mechanism 8 . It should be pointed out that the detailed process of transformation is lacked in the first mechanism, and that the driving force to make atoms move a displacement along different orientations in small regions seems implausible in the second mechanism.
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Furthermore, a controversy has appeared regarding volume expansion during HCP-FCC prismatic transformation in the first mechanism 6, 8 . Hong et al. discovered the lattice expansion of 19.5% normal to the phase boundary in pure Ti bulk under cryogenic plain-strain compression after the HCP → FCC prismatic transition 6 , and Wu et al. also found the volume expansion of 14.2% in polycrystalline Ti through rolling at room temperature after the HCP → FCC prismatic transition 8 . Nevertheless, Wu et al. argued that, according to the first transformation mechanism 8 , the gliding of Shockley partial dislocations cannot generate the lattice expansion normal to the phase boundary 8 . It is, therefore, of vital importance to theoretically clarify such a controversy regarding volume expansion during the HCP-FCC prismatic transformation of titanium.
By means of first principles calculations and experiments, the present study is dedicated to propose a detailed mechanism of the HCP-FCC phase transformation with the prismatic relation of {101 0} {110} hcp f cc and [0001] [001] hcp f cc . The metal of titanium (Ti) is intentionally selected as a typical example in the present study to show the prismatic transformation, as the HCP-FCC phase transformation of Ti has been extensively investigated in the literature 3, [5] [6] [7] [8] [27] [28] [29] [30] [31] . The process and the energetics of the stages of slip, adjustment, and expansion are revealed and discussed to provide a deep understanding of the transformation. In addition, two HCP/FCC interface models are constructed and compared with each other to express the transformed FCC lattices, and the proposed mechanism of HCP-FCC transformation of Ti would be probably generalized to other systems as well.
Methods
Experiments. The materials used in this study are commercially pure Ti (99.999 at.%), and such a low level of impurity was found to have a negligible effect on HCP-FCC phase transition 32 . The as-received materials show an equiaxed grain structure with the grain size ranging from 20 to 30 μm. Small bars with a dimension of 20 × 10 × 1 mm were cut from the as-received plates, and then were cold-rolled at room temperature for multiple times with a thickness reduction of 0.5 mm per pass to reach a thickness reduction of 50%.
The TEM specimens were prepared using a double-jet electrolytic polisher (Struers TenuPol-5) and a solution of 60% methanol +35% butanol +5% per chloric acid at −30 °C with an applied voltage of 30 V. TEM and high-resolution TEM observations were performed using a FEI Titan G2 60-300 Cs-corrected microscope operated at 300 kV.
Calculations. To find out the energy change and intrinsic mechanism of the HCP-FCC phase transition in Ti during the above experiments, the present first principles calculations are performed by means of Vienna ab initio simulation package (VASP) 33 with the plane wave basis and projector-augmented wave (PAW) method 34 . The exchange and correlations items are described by generalized gradient approximation (GGA) of Perdew et al. 35 , and the cutoff energies are 500 eV for plane-wave basis. For each calculation, periodic boundary conditions are added in three directions and the energy criteria are 0.01 and 0.001 meV for relaxation and static calculations, respectively. For k space integration, the temperature smearing method of Methfessel-Paxton is used for dynamical calculation and the modified tetrahedron method of Blöchl-Jepsen-Andersen is chosen for static calculation 36 . The lattice parameters of HCP Ti are first optimized as follows: a = 2.933 Å and c/a = 1.583, which agree well with corresponding experimental values 37 . To simulate the HCP-FCC prismatic phase transition, a unit cell of 14√3a × a × 1.583a is selected in the present study, and the x, y, and z axes of the unit cell are set as the 〈 〉 101 0 , 〈 〉 12 10 , and 0001 〈 〉 directions, respectively. It should be noted that there are 56 layers of prismatic {101 0} planes normal to the x axis, and such a number of layers has been tested to be enough to derive the detailed process of HCP-FCC phase transition. After the test calculations, the k-meshes of 1 × 11 × 7 and 1 × 13 × 9 are adopted for relaxation and static calculations, respectively. During each step of the phase transformation, the unit cell is optimized until the force acting on each atom reaches 0.001 eV/Å. It should be pointed out that the above bulk model, instead of the surface model with vacuum layer 38 , is purposely selected in the present study, since the HCP-FCC phase transition has been mainly observed inside the sample, rather than located at the surface area 6, 8 . A detailed mechanism of the HCP-FCC prismatic transformation is thus proposed in the present study to include the stages of slip, adjustment, and expansion. The energy change during each stage of the transformation will be calculated and compared with each other, in order to get a deep understanding of the transformation mechanism. It is revealed that the FCC structure is transformed from the HCP structure by the slip of Shockley partial dislocations of 1/6 12 10 〈 〉 on every four layers of {101 0} planes. Moreover, the derived results could clarify the above-mentioned controversy regarding volume expansion during the HCP-FCC prismatic transformation [6] [7] [8] .
Results

During
Slip and adjustment.
To express the slip process clearly during the prismatic transformation, Fig 10 . It is of importance to find out the energy changes during a series of slips of the Shockley partial dislocation of 1/6 12 10 〈 〉. To calculate the energy barrier, six points are chosen along the slip path of the Shockley partial dislocation with equal spacing, and 26 layers are set as the affected region for the first slip of the partial dislocation. The atoms in the phase transition region (affected region) are only allowed to relax along the direction of x-axis perpendicular to the prismatic plane of HCP 101 0 { }, and are fixed along other directions, while the atoms outside the phase transition region are all kept fixed. Such a setting of optimization is similar to others in the literature [39] [40] [41] and seems reasonable to obtain the energies of various intermediate structures during the slip process. The energy barrier is derived as the difference between total energies of the saddle point and initial image, and the relative energy is defined as the energy difference between the initial and final images.
After a series of calculations, Fig. 2 summarizes the derived energy barriers during six slips of Shockley partial dislocation of 1/6 〈 〉 12 10 on 101 0 { } planes of Ti. It can be seen obviously from this figure that the energy barriers of the first, third, and fifth slips of Shockley partial dislocations are 690, 520, and 410 mJ/m 2 , respectively, which are much bigger than the corresponding values of 117, 118, and 106 mJ/m 2 for the second, fourth, and sixth slips. Such a dramatic comparison suggests that the second, fourth, and sixth slips of Shockley partial dislocations should be energetically much easier than the precedent slip (first, third, and fifth), and could be triggered spontaneously if the energy barrier of the precedent slip has been overcome. In other words, two slips of Shockley partial dislocations of 1/6 12 10 〈 〉 on 101 0 { } planes should happen together from the point of view of energetics. Considering that each slip can generate two 11 0 { } planes of FCC as related before, it therefore follows that the formation of four 11 0 { } planes of FCC should be preferred during the process of HCP-FCC prismatic transformation, and such a transition mode of four FCC layers is observed for the first time during the HCP-FCC phase transition.
We now turn to investigate the adjustment during the process of prismatic HCP-FCC transformation. As shown in Fig. 1 and related the adjustment of the interplanar spacing is calculated to be −102 meV/atom, indicating that the adjustment of interplanar spacing is energetically favorable and could happen spontaneously without any energy barrier. It should be pointed out slip and adjustment should happen simultaneously during the actual HCP-FCC prismatic transformation, and the above separation of slip and adjustment is just for the sake of expression.
It is of interest to compare the above predicted results with experiments. Accordingly, Fig. 3 shows the TEM and HRTEM images of the cold-rolled Ti with a thickness reduction of 50%. One can see clearly from Fig. 3(a) that several lamellar phases have appeared in the HCP matrix and the lamellas are identified to be the FCC structure of Ti. As shown in Fig. 3(b) , the orientation relationship between HCP and FCC is indexed as 0001 100
hcp f cc , which matches well with that in Fig. 1 . In addition, it could be discerned from Fig. 3(b) that the interplanar spacing of FCC {011} planes has been indeed adjusted to become even. These nice agreements between calculation and experiments suggest that the proposed transition mode of FCC layers by means of slip and adjustment should be realistic to express the HCP-FCC prismatic transformation.
Expansion.
After the slip and adjustment, the nearest-neighbor distances in the 11 0 < > and < > 110 directions of the transformed FCC region are named d1 and d2 with the values of √3/2a and 1a, respectively. The ratio of d1/d2 in the transformed FCC is calculated to be √3/2, which seems not equal to the corresponding value of 1 for an ideal FCC structure. It is, therefore, of importance to investigate whether or not the transformed FCC phase has a tendency to become the ideal FCC lattice through the change of the volume.
In the present study, the volume of the transformed FCC phase is optimized through the variation of the d1/d2 ratio. The range of the d1/d2 ratio is varied from the initial state just after the slip and adjustment (d1/d2 = √3/2) to the ideal FCC lattice (d1/d2 = 1.0) with an interval of 0.02. The total energy of the unit cell at each ratio of d1/ d2 is calculated, respectively, and Fig. 4 shows the obtained energy difference of the unit cell as a function of d1/ d2 with respect to the total energy of the unit cell just after the slip and adjustment (d1/d2 = √3/2). One can discern from Fig. 4 that with the increase of the d1/d2 ratio, the total energy of the unit cell first decreases and then increase, with a minimum of energy curve at the d1/d2 ratio of 0.92, which corresponds to the optimized volume of the unit cell. Apparently, the optimized d1/d2 ratio of 0.92 is bigger than the initial value of √3/2 just after the slip and adjustment, suggesting that the volume of the unit cell has indeed expanded. Such a volume expansion during the HCP → FCC prismatic transformation of Ti revealed from the present study matches well with similar experimental observations in the literature 6, 8 . We now investigate the energy change during volume expansion. As shown in Fig. 4 , a gradual decrease of total energy appears until the volume expands at the critical point (d1/d2 = 0.92), and the relative energy between the initial point (√3/2) and the critical point (d1/d2 = 0.92) is derived to be −7 meV/atom. These features imply that the volume expansion during the HCP → FCC prismatic transformation should be thermodynamically favorable and could take place spontaneously without any energy barrier.
As related before, there is a controversy regarding volume expansion during the HCP → FCC prismatic transformation in the literature, i.e., whether or not the gliding of Shockley partial dislocations can cause the lattice expansion normal to the phase boundary 6, 8 . In the present study, the volume expansion perpendicular to the phase boundary after the slip of Shockley partial dislocations has been indeed observed during the HCP → FCC prismatic transformation of Ti, and this volume expansion is energetically favorable and could take place spontaneously without any energy barrier. All the above statements revealed from the present study not only provide a deep understanding of the process of HCP-FCC prismatic transformation, but also clarify the controversy regarding volume expansion during the prismatic transition in the literature 6, 8 .
Discussion
We have so far proposed a detailed mechanism of the HCP → FCC prismatic transformation with the stages of slip, adjustment, and expansion. It is revealed that an energy barrier of more than 600 mJ/m 2 should be overcome during the slips of Shockley partial dislocations of 1/6 12 10 < > on 101 0 { } planes, while the adjustment and expansion during the HCP → FCC prismatic transformation are energetically favorable with negative relative energies and could take place spontaneously without any energy barrier. This comparison suggests that slip should be the predominant stage during the HCP → FCC prismatic transformation. In other words, once the slip stage is triggered, the adjustment and expansion would occur spontaneously, and the HCP → FCC prismatic transformation could be called slip-controlled phase transition from the point of view of energetics.
During the process of the HCP → FCC prismatic transformation as shown in Fig. 1 , it should be noted that the length of the y (< > 110 ) or z (< > 001 ) axis of the FCC lattice is the same as that of HCP, while the x axis ( 11 0 < >) of the FCC lattice is allowed to relax. The z/y ratio of the transformed FCC structure keeps the optimized HCP value of 1.583 as related before, and such a ratio is quite different from the corresponding value of √2 for an ideal FCC structure. It is, therefore, of interest to further compare the above transformed FCC lattice with an ideal FCC structure (z/y = √2).
A new HCP/FCC interface model is thus constructed as follows: the length of the y (< > 110 ) axis of the FCC lattice is the same as that of HCP, the z ( 001 < >) axis of FCC is set with the z/y ratio of √2, and the x axis ( 11 0 < >) of FCC lattice is allowed to relax. Specifically, a unit cell of 4√3a × a × (8 × 1.583a) is chosen for the HCP/FCC interface model, which is shown schematically in Fig. 5 . It should be noted that in the z direction, nine layers of FCC atoms are intentionally put to match eight layers of HCP atoms, in order to attain the z/y ratio of FCC very close to √2. For simplicity, this new constructed HCP/FCC interface model is called I2, and the original one in Fig. 1 after the process of slip, adjustment, and expansion is named I1.
To find out the optimized structure of I2, the d1/d2 ratio is varied within the range from√3/2 to 1.08 with an interval of 0.02. The total energy of the I2 model is calculated as a function of d1/d2, and Fig. 6 displays the derived energy difference of the I2 model with respect the total energy of I2 before volume expansion (d1/ d2 = √3/2). Interestingly, the total energy of I2 is minimized when the ratio of d1/d2 increases to the critical point Figure 4 . Energy difference (ΔE) of the unit cell as a function of d1/d2 with respect to the total energy of the unit cell just after the slip and adjustment (d1/d2 = √3/2). d1 and d2 are the nearest-neighbor distances in the < > 11 0 and < > 110 directions, respectively.
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where E total , E HCP , and E FCC are total energies of the interface, corresponding HCP and FCC bulks, respectively, and A is the surface area of the interface. After the calculation, the obtained interface energy of I1 is 0.33 J/m 2 , which seems much smaller than the corresponding value of 1.80 J/m 2 for I2. This big difference of interface energy implies that the HCP/FCC interface model of I1 should be energetically more favorable than I2, and is more likely to be formed during the HCP → FCC prismatic transformation.
Furthermore, the total energies of the FCC lattices in the HCP/FCC interface models of I1 and I2 are also calculated and compared with each other. In other words, after the removal of the HCP part in the interface models of I1 and I2, the lattice parameters and atomic positions of the FCC lattice are kept, in order to obtain its total energy. Consequently, the total energies of the FCC lattices in I1 and I2 are derived to be −7.645 and −7.712 eV/ atom, respectively. The lower energy of FCC in I2 suggests that the FCC bulk in I2 should be thermodynamically more stable than that in I1.
From the above comparisons of interface energy and bulk energies of FCC, a probably useful conclusion could be drawn for the HCP → FCC prismatic transformation. During the initial stage of the HCP → FCC prismatic transition, the transformed FCC lattice would energetically prefer a c/a ratio of 1.583 due to the smaller interface energy of HCP/FCC interface (I1). Subsequently, however, the transformed FCC lattice with the c/a ratio of 1.583 would have a tendency to become the ideal FCC lattice with the c/a ratio of √2 (I2), in order to lower its total energy. In addition, Fig. 7 shows the Fourier-filtered HRTEM image of 011 { } fcc // 101 0 { } hcp interface area in Fig. 3(b) , and the measured interplanar spacing of eight planes of HCP and FCC Ti. Several characteristics could be deduced from this figure. Firstly, the interplanar spacing (1.18 nm) of eight 12 10 { } hcp planes is the same as that of eight 01 1 { } fcc planes. This experimental observation from the present study indicates that the length of the y (< > 01 1 ) axis of the FCC lattice should be the same as that (< > 12 10 hcp ) of HCP, which confirms the above theoretical prediction regarding the constant length of y axis in the I1 and I2 interfaces models during HCP-FCC prismatic transformation.
Secondly, the interplanar spacing (1.18 nm) in the 01 1 { } fcc direction is also identical to that in the 011 { } fcc direction. In other words, the d1/d2 ratio of the obtained FCC lattice in Fig. 7 is the critical point of 1.0 for an ideal FCC structure, which agrees well with the theoretically predicted value of d1/d2 ratio as shown in Fig. 6 . Such an experimental measurement suggests that the transformed FCC lattice in Fig. 7 could be probably very similar to the FCC part of the I2 interface model. Thirdly, the experimental lattice expansion in the x direction ( 101 0 hcp < > ) due to the HCP-FCC transition is calculated, from the interplanar spacing in Fig. 7 , to be 15.7%, which matches well with the corresponding theoretical value of 15.4% derived from Fig. 6 . It should be noted that the above data of lattice expansion normal to the HCP/FCC interface from the present study is consistent with the corresponding values of 14.2% 8 and 19.5% 6 estimated from other experiments. All the above good agreements between theoretical and experimental observations regarding y axis, d1/d2 ratio, and lattice expansion indicate that the proposed transition mechanism by means of I1 and I2 interface models in the present study should be relevant to reflect the intrinsic characteristics of HCP-FCC prismatic transformation. Finally, we would like to discuss a little bit about the differences between the present mechanism and the two already in the literature [6] [7] [8] . In the present study, a detailed mechanism has been proposed for the HCP → FCC phase transformation to include the stages of slip, adjustment, and expansion; the formation of four FCC layers is preferred during the slip process; the stages of adjustment and volume expansion could happen spontaneously after the slip without any energy barrier; the transformed FCC lattice would first follow the c/a ratio (1.583) of HCP and then become an ideal FCC structure (c/a = √2); the present mechanism could clarify the controversy regarding volume expansion of HCP-FCC phase transition in the two mechanisms as related before [6] [7] [8] . All the above points from the present study have been observed for the first time and are quite different from the discoveries in the mechanisms by Hong et al. and Ren et al. in the literature [6] [7] [8] . It should be noted that the present mechanism is observed from the HCP metal of Ti and would probably be generalized to the HCP-FCC phase transition in other systems. Experimental and theoretical studies are welcome to confirm the predictions in the present study, and to propose other possible mechanism for the HCP-FCC phase transition.
Conclusions
Based on first principles calculations and experiments, the present study has proposed that the HCP → FCC phase transformation in titanium with the prismatic relation of , and the formation of four FCC layers is energetically preferable as a result of the slip. On the other hand, the adjustment of interplanar spacing and the volume expansion could happen spontaneously with negative relative energies, which could clarify the controversy regarding volume expansion during the HCP → FCC prismatic transition in the literature. In addition, two HCP/FCC interface models are constructed and compared with each other, indicating that the FCC lattice energetically prefers the c/a ratio (1.583) of HCP at the initial stage, and then has a tendency to become the ideal FCC structure (c/a = √2). The predicted results are in good agreement with corresponding experimental observations, and the proposed mechanism of the HCP → FCC prismatic transition of titanium would be probably generalized to other metals and alloys as well. Fig. 3(b) .
